Background. Pseudoprogression (PsP) occurs at a higher rate in glioblastoma multiforme with a methylated MGMT promoter-a subset with increased sensitivity to chemoradiotherapy and better overall prognosis. In oligodendroglioma (OG) and oligoastrocytoma (OA), presence of 1p/19q codeletions is highly predictive of response to treatment and is often associated with the methylated MGMTpromoter; hence, this study queries whether the presence of 1p/19q codeletions in OG/OA correlates with a higher rate of PsP following therapy.
Pseudoprogression (PsP) is now appreciated to be a common radiologic phenomenon that occurs shortly after gliomas are treated with chemotherapy and radiation. Chemoradiotherapy has been suggested to alter capillary permeability and disrupt the blood-brain barrier, resulting in the development of areas of contrast enhancement that are largely indistinguishable from true tumor progression. PET and new MRI techniques such as perfusion and MR spectroscopy have shown promise in differentiating between these 2 findings. However, these techniques have not been validated in a prospective study and are currently considered investigational. 1 At present, the only definitive method of distinguishing PsP from true tumor progression, besides histological confirmation, is close follow-up imaging to monitor for stability of the contrast enhancement over time. 2, 3 This diagnostic dilemma is an outstanding challenge in neuro-oncology, as it often results in either overtreatment-unnecessary neurosurgical interventions and/or escalation of chemotherapy-or treatment delay, since early progression can be misdiagnosed as treatment effect. For this reason, molecular markers are needed to risk stratify contrast-enhancing lesions that occur shortly after chemoradiotherapy.
PsP has primarily been studied in the context of glioblastoma multiforme (GBM), though it has long been known to occur in lowergrade gliomas as well. 4 In GBM, PsP has been documented in 21% to 47% of tumors following chemoradiotherapy and has been shown to be associated with MGMT promoter methylation and improved overall survival. 5 It is hypothesized that the enhanced response to chemoradiotherapy conferred by the methylated MGMT promoter predisposes these tumors and the peritumoral tissue to the effects of chemoradiation and the ensuing robust inflammatory reaction that is believed to occur in PsP.
In lower-grade gliomas, the incidence of PsP and the molecular markers associated with its development have not been well defined. In one series, the rate of PsP was found to be 18% among a cohort of World Health Organization (WHO) grade III oligodendrogliomas (OGs), oligoastrocytomas (OAs), and astrocytomas. 6 A recent study reported a correlation between p53 overexpression and higher rates of PsP; this study examined a patient cohort comprising primarily GBM and only a small number of WHO grade III OGs and astrocytomas. 7 Whether p53 overexpression is predictive of PsP in OG/OA and whether it is an independent factor or functions in association with other molecular markers (eg, IDH1/2 mutations, 1p/19q codeletions, MGMT promoter methylation) in predicting PsP in OG/OA remains unexplored.
Codeletions at 1p and 19q are a common recurrent cytogenetic abnormality in 50% -70% of OG/OA. 8 Testing for codeletions is now routinely performed because its presence is strongly associated with prolonged survival and increased sensitivity to treatment. 9 This correlation with better prognosis and treatment responsiveness suggests that 1p/19q codeletions may be associated with the development of PsP, especially given that 1p/19q codeletions have been found by many groups to be associated with the methylated MGMT promoter. 10 -15 To that end, we investigated whether the presence of 1p/19q codeletions in OG/OA is a molecular marker of increased risk for the development of PsP.
Patients and Methods

Case Ascertainment and Data Collection
An institutional review board -approved database was queried for patients whose pathology was reviewed by a neuropathologist at Washington University, and the glioma was determined to be either an OG or OA based on WHO diagnostic and grading criteria. Resected since 1998 were 67 lowgrade OGs (grade II), 46 low-grade OAs (grade II), 54 anaplastic OGs (grade III), and 65 anaplastic OAs (grade III). All patient cases were included in this retrospective analysis if (i) their medical records were available for review, (ii) serial imaging was performed for at least 6 months after radiotherapy, (iii) treatment included radiation with or without chemotherapy, and (iv) cytogenetic testing on 1p and 19q was performed.
Prior to 2003, cytogenetic testing for 1p and 19q codeletions was performed by fluorescence in situ hybridization (FISH) on paraffin-embedded tissue with a bacterial artificial chromosome (BAC) probe from chromosomes 1p32 (260I23, a gift from Dr Paul Goodfellow) and 19q (telomere probe, Vysis). After 2003, FISH was performed on paraffin-embedded tissue with either human RPCI-11 BAC library-derived probes (Research Genetics) localizing to 1p32, 1q42, 19p13, and 19q13 or commercial probes (Abbott Molecular) localizing to 1p36, 1q25, 19p13, and 19q13.
PsP is defined as previously reported. 2, 3, 16, 17 Specifically, PsP was diagnosed when the official radiology report identified new areas of enhancement on MRI of concern for possible recurrence within 6 months after the completion of radiotherapy, and these new areas of contrast enhancement (i) spontaneously resolved, (ii) significantly improved, or (iii) remained stable on subsequent imaging without salvage therapy such as bevacizumab. PsP could also be histologically proven by biopsy or resection. True early progression of the glioma was defined as the development of areas of contrast enhancement that continued to increase on serial imaging without spontaneous improvement; alternatively, true tumor progression could be histologically proven by biopsy or resection. 16, 17 In this analysis, areas of enhancement that first occurred more than 6 months after radiotherapy were not evaluated. Late PsP, defined as PsP first occurring between 6 months and 2 years after the completion of radiotherapy, can occur; however, its etiology is thought to be related to radiation-induced ischemic injury rather than the increased inflammatory reaction observed in early PsP. The high frequency of bevacizumab use in this setting to treat presumed disease precludes any meaningful analysis of late PsP versus true tumor progression.
The surgical pathology reports for the included cases were also reviewed for p53 overexpression and for the R132H-mutated version of the isocitrate dehydrogenase 1 (IDH1) protein as identified by immunohistochemistry. However, immunohistochemistry on IDH1 was reported on only 25 of 88 tumors; the low availability of data precluded further analysis.
Statistical Methods
Statistical analysis was performed using the statistical package SAS 9.3. All tests were 2-sided and the significance level was set at P ¼ .05.
Patient and tumor characteristics were compared between the 2 groups (OG/OAwith 1p/19q codeletions and OG/OAwithout 1p/19q codeletions) by the Kruskal-Wallis test for continuous variables and by Fisher's exact test for categorical variables.
Patient cases were analyzed as a binary outcome; either they did or did not develop PsP (progression thus fell into the latter category). A univariate logistic regression model was used to examine the association of age, gender, volume of the tumor at diagnosis, degree of resection, location, p53 expression, WHO grade, adjuvant treatments, and volume of T2 abnormality at the time of adjuvant treatment against this binary outcome. Multivariate analysis through stepwise selection was performed to examine the relationship between PsP and those covariates, when the binary group indicator (presence or absence of 1p/19q codeletions) was forced into the model. A significance level of 0.2 was required to allow a predictor into the model, and a significance level of 0.2 was required for a predictor to stay in the model. The significance of the predictors in the final model was examined by the likelihood ratio test, and the performance of the model was tested by C-statistics. The Hosmer-Lemeshow test was used to test goodness of fit.
Overall survival (OS) was a secondary endpoint. OS was defined as the months from pathologic diagnosis to death from any cause or last patient contact. Kaplan-Meier curves were generated that provided unadjusted survival estimates for all patients. Differences between the 2 groups were determined by the log-rank test.
Results
Patient Characteristics
Based on the inclusion criteria we have detailed, 88 cases-37 cases of OG/OA with 1p/19q codeletions and 51 cases without 1p/19q codeletions-that underwent resection since 1998 were evaluable. Patient and treatment characteristics were analyzed between the 2 groups ( Table 1 ). The groups were well balanced with the exception of age, p53 expression, and tumor locationpatients with 1p/19q codeletions were significantly older than patients without 1p/19q codeletions at the time of radiotherapy, and their tumors were less likely to overexpress p53 and were more frequently in the frontal lobe.
Likelihood of PsP in OG/OA With and Without 1p/19q Codeletions
Among WHO grades II and III OG/OA without 1p/19q codeletions, PsP occurred in 16 patients (31%) by radiographic criteria (Fig. 1 , Lin et al.: Codeletions at 1p/19q and pseudoprogression Table 2 ). There was no correlation between the rate of PsP and WHO grade of these tumors without 1p/19q codeletions; specifically, the rate was 39% for grade II tumors and 27% for grade III tumors. In contrast, PsP rarely occurred in OG/OA with 1p/19q codeletions regardless of the WHO grade; the rate was 3% (1 in 37 cases). In that one case of PsP, the amount of early contrast enhancement was minimal, with 2 small areas of nodular enhancement within the operative bed measuring 2 mm in size that appeared on the 6-month MRI and resolved by the 9-month MRI. Histologically, that tumor was a grade II OA.
The only patient and tumor characteristic that was significantly associated with PsP in the univariate logistic regression model was the absence of 1p/19q codeletions (P ¼ .0081; Table 3 ). A multivariate analysis was performed to address potentially confounding variables (Table 4) , and again PsP was found to occur less frequently in OG/OA with 1p/19q codeletions than in OG/OA without In 1 of these 6 cases, it is unclear whether temozolomide was started before or after completion of radiotherapy. cGy, centigray; PCV, procarbazine, lomustine, and vincristine. Even though radiotherapy is typically not complete for at least 2 months after surgery (the period when postoperative periresection cavity infarcts are most likely to enhance), to evaluate the possibility that these early enhancing abnormalities could be due to postoperative infarcts, we compared the rate of postoperative infarcts on brain MRIs that were performed within 2 weeks following surgery in the subset that underwent resection over the past 5 years-the time period during which diffusion weighted imaging was routinely reported. Fifty-nine percent (10/17) in the cohort with 1p/19q codeletions had a postresection infarct compared with 78% (14/18) in the cohort without codeletions. There was no association between PsP and postoperative infarction by Fisher's exact test (P ¼ .44).
The patients who developed PsP were rarely symptomatic. Detailed clinical data were available for 88% of patients who developed PsP. Of those patients, only 4 were symptomatic: the first had mild cognitive complaints, the second had cognitive complaints and simple partial seizures, the third had a partial seizure with secondary generalization, and the fourth had headaches. At the time PsP developed, all the patients were either off or in the process of being weaned off of dexamethasone except for the patient with the persistent headache. 
Early Progression and Overall Survival
To determine whether the inverse relationship between loss of heterozygosity at 1p/19q and the development of PsP affected survival, we measured the rates of true early progression and OS in these 2 groups. Early progression in the first 6 months after radiotherapy occurred at a similar frequency for the grade III OG/ OA group regardless of the 1p/19q status of the tumor; in contrast, early progression did not occur among the grade II tumors. In the subset of grade III gliomas without 1p/19q codeletions, early progression occurred in 4 cases at a rate of 12% (Table 2) , 2 of which were diagnosed by radiologic criteria and the other 2 by resection or biopsy of the enhancing area, demonstrating evidence of recurrent or residual disease and marked radiation effect. Among the grade III tumors with 1p/19q codeletions, early progression was diagnosed by radiologic criteria in 2 patients or 7% of the cohort (Table 2) . Histologically, both of these tumors were grade III OAs. In these patients who developed early progression, radiologic progression preceded clinical progression, as they were largely asymptomatic, with the exception of 1 patient who complained of headache and 1 patient with cognitive impairment. At least 5 out of 6 patients were tapered off or in the process of being tapered off of dexamethasone at the time early progression was diagnosed.
In accordance with previous data that show that 1p/19q codeletions have a strong prognostic value, 9 OS was significantly better in the cohort with 1p/19q codeletions compared with the cohort without codeletions (P ¼ .041; Fig. 2 ). Survival analysis did not identify a significant difference in OS among patients without codeletions who developed PsP compared with patients who did not develop it (P ¼ .16; Fig. 3 ).
P53 Overexpression
Immunohistochemistry for p53 was performed on 50 of the 88 tumors. Overexpression of p53 was present in 82% of OG/OA without 1p/19q codeletions and present in only 25% of OG/OA with 1p/19q codeletions (Table 1) , a statistically significant difference (P ¼ .00027). Of the 50 tumors for which p53 status was known, PsP occurred in 12 tumors, among which p53 was Gender, resection, and location (but not age, grade, volume of the tumor at diagnosis, volume of the T2 abnormality during adjuvant therapy, nor p53 status) met the significance level of 0.2 required for the predictor to remain in the model. Abbreviations: GTR, gross total resection; PR, partial resection. 
Discussion
Methylation of the MGMT promoter in GBM both carries favorable prognostic and predictive values 18 and has been identified as a molecular risk factor for PsP. 5 With few exceptions, 19 -21 1p/19q codeletions have been shown to be associated with MGMT promoter methylation 10 -15 and are a well-defined marker of favorable prognosis and treatment response. 9 For this reason, 1p/19q codeletions in OG/OA would be predicted to be a risk factor for the development of PsP. However, we found a strong correlation between the presence of 1p/19q codeletions and a decreased risk for the development of PsP.
The 2 cohorts were significantly different in terms of age and location of the tumor. The propensityof OG/OAwith 1p/19q codeletions to develop more frequently in the frontal lobe as seen in our data has been previously reported. 22, 23 The etiology of the difference in age is unclear but may be due to the more indolent nature of tumors with 1p/19q codeletions. The prognostic value of 1p/19q codeletions, which has been previously reported, was re-demonstrated in this study confirming the general integrity of the dataset. Notably, 1p/19q codeletions remained a significant predictor of OS despite the significantly greater age of this cohort at baseline.
The difference in rates of PsP between the 2 groups is striking: PsP is 10 times more common in OG/OA without 1p/19q codeletions than in tumors with 1p/19q codeletions. Because of the high rates of PsP in the cohort without 1p/19q codeletions, PsP is 4 times more common than early progression. This high propensity for developing PsP should be taken into consideration in the management of patients with these tumors when contrast enhancement develops shortly after chemoradiotherapy, and it should be recognized in both clinical practice and clinical trials involving this patient population. On the other hand, tumors with 1p/19q codeletions rarely develop PsP, especially if they are histologically OG. It is possible that some cases of early tumor progression in our data analysis were actually unrecognized cases of PsP because these areas of contrast enhancement frequently occurred in the setting of steroid treatment being tapered, and they may have occurred within the 80% isodose line. However, since early progression occurred more frequently in the cohort without 1p/19q codeletions and occurred in only a small number of patients, this potential bias was unlikely to confound the results of this study.
When PsP occurs in OG/OA without 1p/19q codeletions, it is not due to increased sensitivity to chemoradiation, as these tumors have been shown to respond less favorably 9 and no survival advantage was identified among patients without codeletions who developed PsP in this analysis. When PsP occurs, it may be due in part to the higher rate of TP53 mutations seen in tumors without 1p/19q codeletions when compared with those with codeletions. 21,22,24 -27 Consistent with this hypothesis, we identified a significant correlation between the absence of 1p/19q codeletions and p53 overexpression (a surrogate marker for TP53 mutations because mutations frequently result in the stabilization and accumulation of the protein). 28 The positive correlation between p53 overexpression and PsP was suggestive, although it did not reach statistical significance, possibly because p53 overexpression is an imperfect marker of TP53 mutations and the sample size was small.
In GBM and lower-grade astrocytic tumors, the presence of MGMT promoter methylation, except in rare instances, has been shown to correlate with TP53 mutations, 20,29 -32 thus TP53 mutations would be predicted to be associated with a higher risk for 7 Therefore, the presence of TP53 mutations could be the common risk factor for the development of PsP in both high-and lower-grade gliomas, independent of both predictive biomarkers: MGMT promoter methylation and 1p/19q codeletions. In addition, TP53 mutations are a known genetic feature of astrocytomas, 28 which may explain in part the observation that PsP preferentially occurred in gliomas with 1p/19q codeletions that have an astrocytic component.
It is possible that some of the OA in our cohort were actually GBM with oligodendroglial features-OA with areas of necrosis and endothelial proliferation. 33 However, it is unlikely that this accounts for the higher frequency of PsP in the noncodeleted cohort for 2 reasons: (i) low-grade noncodeleted tumors develop PsP at the same, if not a higher, rate as anaplastic OA and (ii) on univariate analysis, there was no relationship between PsP and biopsy-only cases, in which undersampling and misclassification of histologic grading might have occurred.
While the results of this study are highly suggestive, this is a retrospective analysis of a patient database and as such has clear limitations: (i) it is based on the retrospective analysis of OGs/OAs, which were treated by multiple practitioners with individual practice patterns, (ii) there is a paucity of data on IDH1/2 status and no data on MGMT promoter methylation, (iii) TP53 mutations are identified indirectly by p53 overexpression rather than sequencing techniques, and (iv) there is potential bias in our evaluation of PsP and true tumor progression, in spite of our attempts to limit that bias by using the official neuroradiology reports, which are less likely to be influenced by knowledge of 1p/19q status, instead of the source images. Because of these limitations, the results of this study will be best validated in a prospective trial subjecting all patients to the same chemoradiotherapy with the status of 1p/19q codeletions blinded.
In summary, our results suggest that the status of 1p/19q codeletions in OG/OA may be used to stratify the risk for developing PsP. If confirmed, the unexpected finding that 1p/19q codeletions predict a lower risk for developing PsP may force the reassessment of the assertion that PsP occurs more frequently in tumors that are sensitive to chemoradiotherapy. Further investigation is needed to determine whether the difference observed in this study was truly a function of TP53 mutations or was due to another molecular marker.
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